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Abstract 
We discuss the possibility of a specially designed electro-magnetic template with magnetic nanoparticles for cell-based-assays. 
There is an urgent need for a special  type of hardware allowing for biological cell manipulation.  We have developed an original 
technique of using electro-magnetic templates with magnetic nanoparticles for biological cell manipulation. The essence of this 
approach is to generate a non-uniform magnetic field profile using a system of electric current carrying wires. The gradient of the 
magnetic field results in the movement of the nanoparticles towards the magnetic energy minima. In turn, the flow of magnetic 
nanoparticles drags biological cells in the same direction.  We present experimental data on biological cells (erythrocytes) 
manipulations by magnetite (Fe3O4) on specially designed templates The results show controlled biological cell motion and 
destruction via haemolysis.  This technique allows us to capture and to move cells located in the vicinity (10-20 microns) of the 
current-carrying wires. One of the most interesting results shows a periodic motion of erythrocytes between the two conducting 
contours, which frequency is controlled by the electric circuit. The obtained results demonstrate the feasibility of cell 
manipulation which can be utilized in cell-based assays.   
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of IBCM 2015. 
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1. Introduction 
Cell-based assays are emerging as the preferred tools for screening potential drug compounds. The global market 
for cell-based assays for drug discovery was valued at $6.2 billion in 2010. This sector is projected to increase at an 
11.6% compound annual growth rate (CAGR) to reach nearly $10.8 billion in 2015 (2011). Growth in the market for 
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cell-based assays is driven primarily by 
the increasing number of drug targets 
being screened through genomics and 
proteomics applications. This, in turn, 
is driving the increasing use of cell-
based assays and the related 
expenditure by companies in the 
pharmaceutical and biotechnology 
sectors. Surge in demand for cell-based 
assays is attributed to the increasing 
need for efficient and economical 
release of new drug products into the 
market. While a major proportion of 
research activities are centered on drug 
discovery, cell-based assays are also 
expected to find applications in various 
other fields, such as toxicology studies, 
diagnostics, molecular biology, 
genetics, biochemistry, and 
neuroscience. Pharmaceutical and 
biotechnology companies are willing to 
employ cell-based assays in place of 
other in-vitro and biochemical assays 
in drug discovery. Numerous 
applications of cell-based assays 
include target identification and 
validation, screening of compounds for 
biosafety and efficacy, and monitoring 
of cellular events. Emergence of revolutionary branches in science such as synthetic biology and its dependence on 
accurate cell testing and the emergence of new technologies such as microfluidics are some of the factors that will 
ensure a healthy future growth of the cell based assay market. At the same time, there is a much slower progress 
(+6.9% annual rate) in increasing the efficiency of cell-based assays. These two general trends on the cell-based 
assay market are illustrated in Fig.1. The disparity among the fast growing market and the slow efficiency 
enhancement creates an urgent need for developing novel and efficient techniques for cell-based assays.  
High-throughput at lower cost is the critical need for the majority of customers using cell-based assays. 
Conventional cell-based assay systems are very laborious, time consuming, and usually require an expensive system. 
We are addressing this need by proposing a novel, low-cost and high throughput multi-functional instrument for a 
variety of cell-based assays, which is based on the use of micro electro-magnetic templates with magnetic 
nanoparticles. The technology has been successfully tested on red blood cells (Gertz et al., 2012). The results of 
preliminary experiments have demonstrated the unique capabilities of this approach including a micrometer-scale 
spatial resolution and the ability to carry out procedures on a large number of cells simultaneously. The rest of the 
paper is organized as follows. In Section II, we describe the material structure of the micro-electromagnet and 
present the results of numerical modeling on the magnetic field profile. Next, we present experimental data on RBCs 
manipulation by magnetic nanoparticles in Section III. The obtained results are discussed in Section IV.  
2. Experimental Setup 
The schematics of the device are shown in Fig.2. The template from the bottom to the top consists of a silicon or 
glass substrate, multiple layers of conducting contours, an insulating cover layer of silicon dioxide, and metallic 
contacts on the sides of the template for individual electric biasing of each of the contours. The work place is the 
Fig.1 General trends in the cell-based assays market. The red curve depicts 
the permanent market growth and AGGR of 11.6%, and the blue curve 
shows the increase in the throughput to cost with the annual rate of 6.9%. 
The data are compiled from the Cell Based Assays Market - Global Industry 
Analysis, Share, Size, Growth, Trends, And Forecast 2012 – 2018; 
Transparency and Market Research, 2012; BCC research report: Global 
Markets and Technologies for Cell and Tissue Analysis, 2013; Frost and 
Sullivan,  North America; New Product Innovation Award - Cell-based 
Assays, 2013. 
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area on the top of the silicon dioxide layer. The principle of operation is the following:  Electric currents flowing 
through the conducting contours create a non-uniform magnetic field profile on the top surface. Magnetic 
nanoparticles are attracted to the regions with the maximum magnetic field intensity (i.e. regions with minimum 
energy). Magnetic nanoparticles themselves can be utilized for building surface patterning for further cell-based 
experiments or/and for the biological cell positioning at the desired location. The individual metallic contacts on the 
sides of the template make it possible to control the strength of the created magnetic field and to move the 
nanoparticles (e.g. biological cells dragged by the nanoparticles to the certain places on the template. The metallic 
contour can be also utilized as a localized heat source, where the increase of the electric current above a certain level 
will cause cell destruction. It is important to note that the same template can be used for a variety of procedures 
including ligand surface patterning for further cell-based experiments, nano-immunoprecipitation from cell lysates 
(by using antibodies conjugated to magnetic nanoparticles), nano pull-down assays from cell lysates (by using 
glutathione-, metal chelate (cobalt or nickel)- or streptavidin-coated magnetic nanoparticles for GST-, His- or biotin-
labeled proteins), cell migration or cell-cell adhesion assays and electromagnet capture microdissection. 
There are a variety of different types of electro-magnetic templates that can be generated consisting of one of 
several magnetic field generating contours. In Figure 3, there are shown the schematics of two  templates consisting 
of multiple layers of conducting contours fabricated on the top on a silicon substrate. In Figure3(A), it is shown a 
template consisting of three conducting contours. It consists of Au wires and insulating layers of SiO2 fabricated in a 
sequence on the top of a silicon substrate. The wires are aligned in the vertical direction and separated by the 
insulating layers of 300nm of silicon dioxide, with an additional insulating layer of 300nm deposited on top. The 
first two contours are 90 degree angle-shaped wires. And the third contour, closest to the surface, is a loop-shaped 
wire of radius 50µm. The wires were fabricated by standard optical lithography technique (the width and the height 
of the wire are 5.5µm and 2µm, respectively). Each of the three conducting contours has individual contacts on the 
side for individual current control. In Figure 3(B), there is shown the schematics of template consisting of two 
conducting contours. It consists of two Au or Cu wires fabricated by standard optical lithography technique.  The 
width of the wires is 10µm, and the height of the wires is 2µm. The minimum spacing between the wires is 20 µm. 
Each of the two wires has individual contacts (1mm×1mm) on the sides of the structure for connection with  a 
Fig.2 (A) Schematics of the micro electro-magnetic template with magnetic nanoparticles.  The template consists from the 
bottom to the top from a silicon substrate; a system of conducting contours; a cup glass layer; and metallic contacts on the 
sides of the template. (B) Illustration of the principle of operation. An electric current passing through the conducting contour 
creates a magnetic field, which makes the nano-particles placed on the top of the glass layer to move towards the energy 
minima on the surface. The flow of magnetic nano-particles drags the biological cells, allowing us to focus cells at the desired 
locations on the template. An increase of the electric current through the contours may be used for the selective cell 
destruction via hyperthermia. 
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peripheral electric circuit. The circuit includes a power source and two switches allowing us for the individual 
control of electric current in each wire.  The wires are covered by 300nm of silicon dioxide to provide insulation and 
protection from corrosion. There are different types of cell manipulations, which can be accomplished on the 
different templates as explained in the next Section. 
3. Biological cell focusing and haemolysis via local heating 
As a test biological substance, we used human Red Blood Cells (RBC) obtained from fresh blood samples. RBC 
was selected both due to their availability as well as their robustness (Lovelock, 1953). Samples were prepared by 
triple washing using centrifugation at 2000rpm on an Eppendorf 5424 centrifuge  in a phosphate buffered saline 
solution (PBS) at room temperature. PBS was prepared from 10X PBS (Fisher Scientific, USA) concentrate solution 
with a final concentration of 2000-4000cells/ul. From this RBC solution 30 microliters of solution is then mixed 
with 1 microliter of commercially available ferrofluid from Ferrotec containing 1.1% magnetite (Fe3O4) particles in 
aqueous solution. 
It is possible to attract a biologic cell to a certain location and then destroy the attracted cells via the local 
hyperthermia (Gertz et al., 2012). In Fig.4, we show microscopy images taken during the experiment on the loop-
shaped template as shown in Fig.3(A). The photo of the surface with PBS solution and magnetic nanoparticles is 
shown in Fig.4(a). The blood cells are uniformly distributed over the surface. The cells appear of standard discoid 
shape with no visible sign of damage or duress due to the presence of magnetic nanoparticles. Then, an electric 
current of 80mA was passed through the loop-shaped wire (the contour closest to the surface of the device). The 
application of the electric current results in the immediate blood cell movement towards the electric-carrying wires. 
The average cell velocity is about 135µm/sec as was found by analyzing the trajectories of the moving cells. Next, a 
larger direct current of 180mA has been applied through the same loop-shaped contour. The increase of the electric 
current does not seem to attract more cells to the current-carrying wires but significantly affects the previously 
localized cells.   In several seconds, the cells near the wires lose their discoid shape followed by the cell haemolysis. 
A typical feature of cell destruction is the changing from the original shape to conglomeration of denaturated cell 
proteins after the cell’s death. Fig.4(D) shows the final stage of the cell collapse. One can see a scramble of cells just 
Fig3. (A) Schematics of a template consisting of three conducting contours. It consists of Au wires and insulating 
layers of SiO2 fabricated in a sequence on the top of a silicon substrate. The wires are aligned in the vertical direction 
and separated by the insulating layers of 300nm. The wires were fabricated by optical lithography technique (the width 
and the height of the wire are 5.5µm and 2µm, respectively). Each of the three conducting contours has individual 
contacts on the side for individual current control. (B) Schematics of a template consisting of two conducting contours. 
It consists of two Au wires fabricated by standard optical lithography technique.  The width of the wires is 10µm, and 
the height of the wires is 2µm. The minimum spacing between the wires is 20 µm. Each of the two wires has individual 
contacts (1mm×1mm) on the sides of the structure for connection with the outer electric circuit. The circuit includes a 
power source and two switches allowing us for the individual control of electric current in each wire.  The wires are 
covered by the 300nm of silicon dioxide. 
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above the current-carrying wires. It is important to note that the cells collapse occurs only in the vicinity of the 
current-carrying wires, while the other cells located about 5-10 microns away from the wires show no sign of 
haemolysis. We attribute the destruction to the hyperthermia due to the locally elevated temperature caused by the 
Joule’s heat dissipated by the electric current in the wires (Gertz et al., 2012).   
Even more 
interesting, are the 
results of experiments 
with time-varying 
electric current 
obtained for the 
template shown in 
Fig.3(B). In this 
experiment, the 
electric current has 
been switched 
between the two 
contours with a 
frequency of 1Hz.  
The switch of the 
electric current 
changes the magnetic 
field profile causing 
magnetic 
nanoparticles to 
oscillate between the 
two conducting 
contours. The 
frequency of electric 
current swathing is 
1Hz.  Figure 5 shows 
four snapshots taken 
with a time interval 
of 1second. The 
results indeed show a 
periodic oscillation of 
RBCs around the 
center line. The amplitude of oscillation is about 2 micrometers (i.e. less than the cell diameter). Importantly, the 
period of RBCs oscillation is the same as the frequency set up by the external electric circuit. This periodic motion 
is observed for hundreds of cycles for several minutes.  The electric current through each path did not exceed 90mA 
during the experiment to prevent undesirable effects caused by micro-heating.  Remarkably, the blood cells appear 
of standard discoid shape with no visible sign of destruction. 
4. Discussions 
During the past decade, there has been great progress on the utilization of magnetic nanoparticles in biomedical 
applications including Magnetic Resonance Imaging (MRI) for contrast enhancement (Josephson, 2006), biological 
cell labeling and magnetic separation (Morisada et al., 2002, Zigeuner et al., 2003), magnetic hyperthermia (Hergt et 
al., 2006), and drug delivery (Kim and Hyeon, 2014). Being of the nanometer size, nanoparticles can interact with 
biological systems at the molecular level, and allow targeted delivery and passage through biological barriers (Kim 
Fig.4 A sequence of snapshots taken during biological cell manipulation using the loop-shaped 
contour as in Fig.3(A). (A) The beginning of the experiment: there is no electric current flowing.  
The blood cells of standard discoid shape are uniformly distributed over the surface.  (B-C) 80mA 
current is running through the loop-shaped contour, the cells move towards the current-carrying 
wires. (d) Top view photo after 180mA current has been applied through the loop-shaped contour. 
It is the final stage of the cell’s haemolysis. There is a scramble of cells (denaturated cells proteins) 
proteins) just above the current-carrying wires. There are undamaged cells of discoid shape located 
about 5-10 microns away from the wires. 
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and Hyeon, 2014). Magnetic nanoparticles are of special interest as they can be monitored, manipulated and guided 
to the desired location by an external magnetic field. There have been a number of publications describing different 
magnetic nanoparticles as well as different delivery techniques (Rand et al., 1981, Suzuki et al., 1990, Mitsumori, 
1994). Magnetite nanoparticles (e.g. Fe3O4) are the most widely utilized particles due to several appealing properties 
(Wahajuddin and Arora, 2012). This class of nanoparticles does not possess magnetic moment in the absence of an 
external field but become 
magnetized when an external 
magnetic field is applied. This 
property is of great value for a 
variety of biomedical 
applications as magnetite 
nanoparticles do not 
agglomerate and can travel 
through blood vessels 
(Wahajuddin and Arora, 2012).  
The main challenge is 
associated with the delivery of 
magnetic nanoparticles to the 
target location. There are 
several approaches to this 
problem. For instance, magnetic 
nanoparticles can be surface-
modified with biomolecules to 
recognize and attach to the 
target cells (i.e. tumor cells). It 
is also possible directly inject 
magnetic nanoparticles to a 
certain area, which guarantees a 
high concentration of magnetic nanoparticles (Nagesha et al., 2008).  An alternative approach to magnetic 
nanoparticles focusing is in the use of an external force through a magnetic field gradient, which provides an 
intriguing possibility of remote control and accurate arrangement of the nanoparticles in any desired location. Such 
an approach has 
been demonstrated 
in a number of 
works for trapping 
and positioning of 
magnetic 
nanoparticles by 
different types of 
micro-
electromagnets 
(Lee et al., 2001, 
Lee et al., 2004a, 
Lee et al., 2004c, 
Lee et al., 2004b). 
The main 
advantage of this 
approach is the 
possibility to 
control the 
strength of the 
Fig.5. Three snapshots taken with a time interval of 1second during the experiment 
on template as shown in Fig.3(B). The electric current is switched between the two 
contours with the frequency of 1Hz. There is a periodic motion of RBCs with an 
amplitude of 2 micrometers.  This periodic motion is observed for the hundreds of 
circles for several minutes.  The electric current through the each path is less than 
90mA to prevent undesirable effects caused by micro-heating.  The blood cells 
appear of standard discoid shape with no visible sign of destruction. 
Table I.  State-of-the-art techniques for cell-based assays and the target data for the proposed approach. 
*The System cost includes the cost of all components (e.g. analytic tools, etc.). The system cost data 
are collected from the current vendors including Sigma-Aldrich, BioVision Inc., Leica-Microsystems.  
The estimates for the proposed technique is based on the experimental data as published in the Applied 
Physics Letters 101, 013701 (2012). 
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magnetic force by an external parameter (e.g. electric current in the micro-electromagnet). The latter makes electro-
magnetic templates with magnetic nanoparticles a very useful tool for a variety of cell-based assays. The 
comparison between the current state-of-the art technologies and the proposed approach is shown in Table I.  
5. Conclusions 
In this work, we have presented experimental data showing biologic cell manipulation and spatially-selective 
destruction via magnetic nanoparticles controlled by an external magnetic field. The manipulation was achieved via 
an external magnetic field produced by a system of two current-carrying wires in the template. The utilization of 
several magnetic field generating elements provides an additional degree of freedom for controllable cell motion. 
Through our experiments, we present examples of cell motion approaching and retreating from the wires, as well as 
a periodic motion in the region between the wires. The developed technique can be further evolved (e.g. by 
implementing multiple magnetic field generating contours, custom designed templates, etc.). Potentially, this 
approach may be of great value for different areas including molecular biology, medicine, gene engineering and 
drug delivery technology. 
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